Abstract: After being repeatedly struck by droughts in the last few decades, water managers and stakeholders in the Southeast U.S. dread the future extremes that climate change might cause. In this study, the length of future dry periods is assessed using a sub-ensemble of downscaled CMIP5 climate models, which are proven to perform well in precipitation estimations. The length of a dry spell with a twenty-year return period is estimated for the cold and warm seasons for two time periods; 2020-2059 and 2060-2099, and considering two emission scenarios: RCP 4.5 and 8.5. The estimates are then compared with historical dry spells and differences in length and geospatial distribution analyzed. Based on the findings of this paper, little change can be expected in dry spell length during the warm season. Greater changes are to be expected in the cold season in the southern half of Florida, where dry spells are expected to be up to twenty days shorter, while dry spells in Alabama, Mississippi and Tennessee are predicted to be up to twenty days longer. The changes predicted by the models are positively associated with emission trajectory and future time period.
Introduction
The Southeast United States (hereafter referred to as "the Southeast") is a region traditionally subject to abundant precipitation and water resources, brought by local convection and tropical cyclones during the warm season, and cold fronts during the cool season [1] . In recent decades, the region has been subject to multiple droughts (1986-1988, 1998-2002, 2007-2008, 2016 ). These droughts typically don't last as long as droughts experienced in the Southwest United States, but they have proved to be highly detrimental to the regional environment, economy, and political situation [2] [3] [4] . Some of the region's hydroclimatological variability has been attributed to large-scale atmospheric drivers or teleconnections, such as El Niño-Southern Oscillation, the Atlantic Multidecadal Oscillation and the North Atlantic Oscillation [5] [6] [7] [8] [9] [10] and more recently, baroclinic instabilities over the oceans [11] . However, due to the severity and frequency of recent droughts there is a need among water managers and policy makers to look beyond the seasonal forecasts, afforded by teleconnections, to what the future holds for the Southeast over the longer term.
The IPCC [12] predicts that the annual precipitation amounts for the Southeast might increase by up to 20% by year 2035, while evaporation rates are expected to increase by up to 5%, but does not specifically mention dry spells. However, many models do project drier conditions in the far southwest of the Southeast region and wetter conditions in the far northeast of the region [13] . The U.S. National Climate Assessment finds with a high degree of certainty that both extreme wetness and dryness are projected to increase across the U.S. by the end of this century. The report finds that annual maximum precipitation will increase by up to 30% across much of the U.S. and length of consecutive dry days will increase by up to 30%, particularly in the southern U.S. [1] . Estimates of the length of the longest annual consecutive dry period are expected to increase by up to five days in the Southeast, while there are no significant trends observed in the number of heavy rain days [14] .
Previous work has found increased future lengths of Consecutive Dry Days (CDD) in many regions of the world based on projections from multi-model CMIP5 ensembles [14, 15] . However, relatively little change in consecutive dry days has been projected for the Southeast U.S. [15] . These studies have also suggested that increases in consecutive dry days coincide with increased precipitation intensity. For example, small decreases in future wet day probability have been found in the Southeast during December, January, February and June, July, August with the largest reductions occurring in coastal areas and peninsular Florida [15] . These findings were accompanied by projections of increased daily intensity of precipitation. These projected changes suggest longer periods of dry weather punctuated by more intense precipitation events. The findings are consistent with those of another study [16] that reported upward trends in the frequency and intensity of observed intense precipitation events across the Southeast associated with more frequent northward intrusion of moist tropical air masses, particularly in summer months.
Analyses of paleodata has shown that in the Southeast the last century has been among the wettest periods in the historic record, dating back a few centuries [1, 17, 18 ]. Yet regional water managers have expressed concerns about what's perceived as drier-than average conditions prevailing during the last few decades and they worry about what future climate conditions will bring. Although there is variability across future projections of hydroclimate in the Southeast, the projections are generally moderate compared to many midlatitude regions around the globe that are expected to face more extreme climatic conditions as a result of climate change. Hence, studies investigating the impact of climate change in the Southeast have been limited.
Here, seasonal projections of 20-year return period lengths of consecutive dry days are examined from an ensemble of downscaled global climate models and compared with historical observations. The ensemble of downscaled models is comprised of those selected from a suite of 32 models, based on performance in simulation of observed consecutive dry spells, identified in an earlier study by the authors [19] . This is essentially a weighted ensemble approach [20] [21] [22] [23] which removes the influence of under-performing models. Adding to the novelty of the methods presented here is the use of the relatively new downscaling technique of localized constructed analogs (LOCA) [24] . . LOCA is distinct from other constructed analog techniques in that it finds a single best match analog day for each point instead of using weighted sums and thus gives a better estimation of extremes [24] . Each of the 32 models has one LOCA ensemble member. Two representative concentration pathways (RCPs) are used to represent different greenhouse gas (GHG) emissions trajectories: rapid GHG emission growth RCP 8.5 (8.5 W/m 2 radiative forcing,~1370 ppm CO 2 ), medium GHG emission growth with stabilization RCP 4.5 (4.5 W/m 2 radiative forcing,~650 ppm CO 2 ) [25] .
Materials and Methods

Data
Observed precipitation data is a gridded dataset which is a subset of an interpolation of observed precipitation data from 20,000 National Oceanic and Atmospheric Administration (NOAA) Cooperative Observer Network (COOP) stations, and part of the North American Land Data Assimilation System Variable Infiltration Capacity simulations over North America (http://www. colorado.edu/lab/livneh/data) [26] [27] [28] [29] . These daily data have the same temporal and spatial resolution as the LOCA data and are used for historical comparison. Climatic regions within the United States can be defined in numerous ways that vary with the scope of the analysis [1, 8, 30, 31] . In this paper the Southeast is defined as the southern states east of the Mississippi river and includes Alabama, Florida, Georgia, Mississippi, North Carolina, South Carolina and Tennessee ( Figure 1 ). The results are presented by climate division (nClimDiv, provided by NOAA) within the Southeast. A dry day is defined according to the definition of no measurable precipitation, as a day with less than 3 mm of precipitation [1, 19, 32] .
Water 2018, 10, x FOR PEER REVIEW 3 of 9 regions within the United States can be defined in numerous ways that vary with the scope of the analysis [1, 8, 30, 31] . In this paper the Southeast is defined as the southern states east of the Mississippi river and includes Alabama, Florida, Georgia, Mississippi, North Carolina, South Carolina and Tennessee ( Figure 1 ). The results are presented by climate division (nClimDiv, provided by NOAA) within the Southeast. A dry day is defined according to the definition of no measurable precipitation, as a day with less than 3 mm of precipitation [1, 19, 32] . These data are divided into two seasons based on agricultural growing dates. The warm season is defined as April-October, while the cold season constitutes the months of November-March. These seasons are based on the U.S. Department of Agriculture's data on planting and harvesting dates of field crops in the region [33] . A severe dry spell during the warm season could be detrimental for agriculture and the environment, while a cool season drought limits the possibilities for recharge and storage of water in both natural and anthropogenic reservoirs.
Model Evaluation
The performance of all 32 LOCA downscaled CMIP5 models in simulation of observed counts of CDD were evaluated using probability density function comparisons by way of the Perkins skill scores [34] of the distribution of dry days as well as the upper tail (extreme-based) of the distribution. The Keellings significance test was used to assess the significance of the Perkins skill scores [30] . These methods, as applied to assessment of the 32 LOCA downscaled model simulations of CDD in the Southeast and resulting model performance are fully described in previous work [19] . Here we only examine future runs of the top five best performing models as identified in each season (Table  1 ) [19] . The skill scores of all 32 models averaged across all climate divisions ranged between 0.91 and 0.93. Model performance was heterogeneous across the region, but models generally performed better in the cold season than in the warm season. These data are divided into two seasons based on agricultural growing dates. The warm season is defined as April-October, while the cold season constitutes the months of November-March. These seasons are based on the U.S. Department of Agriculture's data on planting and harvesting dates of field crops in the region [33] . A severe dry spell during the warm season could be detrimental for agriculture and the environment, while a cool season drought limits the possibilities for recharge and storage of water in both natural and anthropogenic reservoirs.
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The Generalized Extreme Value (GEV) distribution is used to estimate return periods of lengths of dry spells between observations and models [35] [36] [37] . The GEV is utilized as it makes no a priori assumptions regarding the form of the extreme value distribution [38] . Here we estimate the GEV parameters with the method of maximum likelihood using the extRemes package in R. The cumulative distribution function of the GEV is given by:
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. These changes are apparent across both future periods and both emissions scenarios, but they are more pronounced in the later period and under the higher RCP 8.5. The southwestern-most climate division of Mississippi shows a spatially homogeneous behavior in Figure 2 , but one climate division with significantly different future outlooks than surrounding climate divisions appears in Figure 3 . The explanation for this is an extreme drought that struck southern Mississippi in the 1950s [40, 41] . This drought can also be seen in Figure 1 where the same climate division stands out as having a considerably longer 20-year CDD than surrounding climate divisions. This results in a large difference between the length of the historical and modelled future 20-year CDD. It should also be noted that when calculating the length of 20-year historical CDD in each climate division, the maximum observed values were used. This value might represent an outlier within the climate division. As the focus of this paper is on extreme CDD, this was viewed as a preferential method to averaging the CDD values within each climate division. The southwestern-most climate division of Mississippi shows a spatially homogeneous behavior in Figure 2 , but one climate division with significantly different future outlooks than surrounding climate divisions appears in Figure 3 . The explanation for this is an extreme drought that struck southern Mississippi in the 1950s [40, 41] . This drought can also be seen in Figure 1 where the same climate division stands out as having a considerably longer 20-year CDD than surrounding climate divisions. This results in a large difference between the length of the historical and modelled future 20-year CDD. It should also be noted that when calculating the length of 20-year historical CDD in each climate division, the maximum observed values were used. This value might represent an outlier within the climate division. As the focus of this paper is on extreme CDD, this was viewed as a preferential method to averaging the CDD values within each climate division.
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As a continuation of the authors' earlier work [19] , this paper analyses meteorological drought from the perspective of consecutive dry days (days receiving less than 3 mm precipitation). The authors recognize that the nature of a drought can be multifaceted, and there can be multiple factors involved in the development of a drought, such as water use by humans, and high temperatures, leading to high water losses through evaporation and reductions in soil moisture. As has been pointed out, while consecutive dry days represent the lower tail of the precipitation distribution and are indicative of meteorological drought they should be interpreted in combination with other precipitation or drought indicators [14, 42] . Thus, further work is required on how other drought indicators may change in the Southeast and how these indicators may combine with the projected changes in CDD, presented here, to increase future drought severity.
Our previous work, and that of others, has found that the CMIP5 models analyzed here can replicate the spatial patterns and magnitudes of consecutive dry days well [14, 19] . However, precipitation is generally not well represented in models, particularly extremes of precipitation in the southern U.S., likely as a result of the varied physical processes responsible for precipitation formation in the region and the underestimation of tropical cyclone numbers [43] . The discrepancy between the generally poor estimation of extreme precipitation versus good estimation of CDD in the southern U.S. is likely explained by the scale of processes involved. CDD are most likely caused by larger spatial scale processes than extreme precipitation events, which are more likely the consequence of localized or mixed processes and thus more difficult for models to resolve [14] . Further work is needed to assess the possible drivers of the results presented here which are likely a combination of changes in atmospheric moisture and circulation.
In this paper, we have presented projections of extreme CDD lengths across the Southeast using a small ensemble of high performing models. These models have been downscaled to a fine spatial resolution using a technique that has been shown to preserve rather than dilute extreme values. The projections are divided into warm and cold seasons based on agricultural growing dates as to isolate seasons subject to differing societal concerns and changes in CDD are presented for two future periods, in order to differentiate between near term versus long term impacts, and for two emissions trajectories to aid in decision making. Projected CDD exhibit little change during the warm season, but during the cold season there is an increase of up to 20 days in length of 20-year return CDD in more northern and continental locations and reductions of 20 days or more in coastal locations.
The projection of greatest increase of CDD in more northern and continental locations is concerning as these areas of the Southeast coincide with locations of the largest reservoirs in the region. These surface reservoirs are regionally significant sources of drinking water and irrigation and are essential for hydropower production, which is the primary form of renewable electricity generation in the Southeast. The seasonality of the projected increase in CDD is also of concern as wildfires are generally more likely to occur during the cold season. Drought risk is likely to increase in the future throughout the region given projections of increased temperatures and rates of evapotranspiration as a result of climate change [1, 44] . It is, therefore, likely that the projected increases in CDD will place further water resource stress on the Southeast. Funding: This research received no external funding.
